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Reduction of viscous drag has been cited as a reason for 'the

relatively faster settling speeds than expectead for aggregates using

Stokes settling equation with a particle pecking model density (Chase,

1979; ERmley, 1982). However. the Inability to measure the actual

density of Individual-particles In these studies has made It necessary

to make gross estimates of one or more of the Stokesian parameters,

usually the aggregate density. If settling aggregates were assigned

too small a density based upon a given density packing model, It would

appear that viscous reduction had occurred in order to provide

faster-them-Stoke. nettling speeds. Also, If aggregates settled and

then broke up at depth, the smaller aggregate components observed

would appear to have settled faster than Stokes equation allows.

Again, viscous reduction could erroneously be used to explisn this

settling behavior. Our progren objectives were to conduct

settling-chinber/densIty-gradient experiments to measure aggregate

particle density and viscous drag Independently.

A key element of the project was the Independent meaurmt of

partill density by the use of high density fluids (isotonic with the

sawter) In density gradient columns. Altho1g the

bsleppbcally-measured settling velocity and Stokes equatiom

Pndteo" Mtmonillonite aggregate densities of the order 1.05 a/l

(Sbglar to the hlab-made assroese fed b7 grame (t976)) aw* of

the tpt esis"ae 110s10m0 ft the .01O of hgmsny~

&**tsw *64o me"o 4di w of 1.40 SAI. 1AU
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flushed and replaced by the density of the smirrovudftg mad"., This

wuld .remove the buoyancy due to lower density occluded vaters of the

original aggregate. end the settling aggregate would have a net

negative buoyancy due to the clay (matmorillouite) comnponent.

Uoloaphc investigation of the baevior of the aggregates as they

traversed a sharp, density Interface has demonstrated some aspects of

aggregate settling behavior which are of more Importance than the

objective* of the Initial program., Pore water flushing has been

demonstrated holopraphicafly to occur and to have significant ef fects

an the settling behavior of aggregate particles.

As a susmry of the work performed under this contract, this

report will describe the behavior of Inorganic aggregates encountering

fluids Of ilffering composition than those In which they were created.

blai teub"""e have bae used to show that the Interstitial

water of these aggregates Is not tightly bound. in factq it is

ehmbsig rapidly, ad suggests en Initiation mechanism for the

tesuation of veria salt fingro s stratified water columns.

sho sttu ebme wa traft"s for this pajec With the

t"Oet t9etNOMas " pay Cylluder to domes iEjsetift fere. and

o$w d s ettlims Pottlsi* SeM* oa.. nul settlift eesy
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Three type of aggregates were prepared In filteredq abiotic

artificial seawater. Three standard clays. kaoliaaite,

mutmorillouite, and Illte from the U. S, Geological Survey ware each

allowed to aggregate In 35ppt artificial seawater for about one mauth.

Flocculated aggregates on the order of 20-300 im ware gently withadrew

and Introduced both to the mottling chamber and the density gradient

chamber.

Two different density media were used In the gradients. In the

initial setup runs and test , serum dextran was used to save the

extremely expens Ive metrizamide for later ruas. Netrixanide-heavy

water solutions isotonic with 35ppt seawater ware. created with

densities as high as 1.40 g/al. Sven at these high densities, the

aggregates consistently failed to become buoyant, even those with

densities deterined using Stokes settling equation (with *asured

water viscosity) to be lass than 1.05 $/al.

To esnom the beavior of the aggregates as they settled Into

dob. htger desity fluids, the helogaraviec mictjrvelCimter was

a1uge4. A tweolayerp Isgthermsl, Isaomc density gre&Sftt was

VfpWr" froe zUtiia estar (35ppt. 1.0241 g/Ml 23,.VC, 0.92

~tipie) ed datvaawtii"al see (S5ppt 23.5 C

1.4 . ." ""o a pus so ea dastsr lows beft eeeI
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encountered the Interfaces they slowed down. After a pause of less

than a second, the larger particles punched through the Interface.

leaving a streamer of lower-density, extruded pore water In their

wake. This streamer shows up holographically sInc* the difference In

index of refraction between the pore water streamer and medium results

In Interference patterns.

An example of this behavior Is shown In Figure la-e. This was

the second experiment performd with this density gradient, so the

original step-like structure had broken down somewhat near the

Interface due to the mixing Induced by the settling particles of the

first experiment (some ten minutes earlier). These unreconstructed

holographic images show only the diffraction fringes. An in-focus

reconstruction of Figure lb Is shown in the Appendix.

The first visible particle to resum settling after hitting the

Interface Is labelled A. This particle Is .0256 microns diameter and

extrudes a low viscosity conduit In Its wake that Influences the

settling of particles 3 and C. In addition to chmannlizing the

saequent particle settling paths, this conduit also tends to affect

particle morphology and settling orientation. The reduced viscosity

and density In the conduit and the aligmeat of the particle long m

with It, permits increased settling speed by the embeeguat particles.

Wei facrea:eac the l1iklhood that particles will c*lU& with *lower

moving partilem domsum. sad a result ia aelpte espegstee

ith their left e"is emieted yrti"ell (*euM S Ptsa 2). A

detai"e emlantiem of the eettlie bahmet md fE2*M& vWW E 1

particls is lipre 1 is psVie4 Is the diMBOsaim.
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interference peak (bright fringes) which Is very close to the maximum

value possible. For larger cylinders with similar refractive indices,

the axial interference peaks decrease, but never by more than 50%.

For cylinders with d < .0025 ca, the amplitude of the interference

peak decreases rapidly toward background values. Suall destructive

interference fringes (dark fringes) will occur at an angle of about

0.5* off axis and downstream from the cylinders and will be most

apparent for cylinders about twice (or increments thereof) the

diameter of our model cylinder (P & 7, 14, 20, ... ).

In summary, maximm fringe formation will occur on our film

if c & 3.9. For lower refractive index contrast (smaller

I n5 /nd - Il ), a larger cylinder (presumably created by a larger

aggregate) is required to produce similar constructive fringes. For

fresh water over salt water (e.g., m = nf=U/nw 1.3330, the maximumfw sw 1.3390"'

refractive contrast approaches that of our model cylinder. Only

iceberg malt or river plumes over deep water scenarios (e.g., Amazon,

Nagdalena) might provide that such refractive contrast. However, less

contrast from larger diameter cylinders (larger particles) would

produce similar fringes to the ones we have viewed.

V. Particle Dinaies Model for Auresates with Occluded Water

Flushint

To understand the dynamics of porous aggregates which exchange

their occluded waters at sone unknown rate with that of the

surrmdin mdiim, w developed a model to estimate the density of

te ocluded waters as a function of a fluahing factor. To begin, we

reire deffiitions.

6



A vet primary particle is defined as a particle containtug no

voids but has water bound in the molecular matrix. The density of

such a particle, Pp, is defined as

p M +M
a V

where M and M are the masses of the solid material and water
a V

respectively, and V5 and V W are volumes of the same respective

materials. We have determined in previous work that the density of

our samples of wet, primary montmorillonite particles is 1.77 gm/ml

(Gartner and Carder, 1977).

As the material aggregates, internal voids are created, partially

enclosing occluded water (ov). If this ow is tightly bound, a static

density results as defined by

s w ow
2) 0static + Vs +VV w Vow"

If the ow is exchanged with the surrounding medium, then a dynamic

density (P results as

~~ ~ ynmic M N Ni

-dynmic V + V + V

-it "5



' is an apparent ue of ow as defined by the Stokes equation for a
ow

sphere of diameter D settling with velocity v5 in a medium of density

P. and viscosity n. If aggregates or phytoplankton contain the

occluded water (or cytoplasm) tightly enough that there is no

significant flushing or exchange of pore waters with the surrounding

isotonic medium, then it follows that

4) Pstatic = Odynamic.

Otherwise

Pstatic - dynamic"

We can describe, to the first order, the effect of the flushing

of aggregate pore waters on the Stokes settling speed by developing a

relationship to describe po, In terms of a flushing rate for the

particle. Suppose that some fraction f of the ow is flushed each time

the particle settles a distance of one diameter D. Then f/D - F is

the flushing rate per unit distance settled. If P ow(Z)

and pow(Z + Z) are the occluded water density values at depths Z and

Z * AZ, and the density of medium pn increases linearly with depth

then

5) ps(Z) -m(O) + Z

where K is a constant that describes the dasmee In p with depth.

/
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A first order approximation of the change in P owIn settling over

a short depth AZ - D can be expressed as

AP W(Z) &% 1O(Z + Az) - PO(Z)

AZ Az

Afo a(Z +D) +(I -f)pw(Z) -pow(Z)

D

6) go f~ps(O) + 1(Z +D)] f%,w(Z)

6) - D

where the f ract ion f of p ow (Z) that Is f lushed is replaced by the

denser water of the medium p a(Z + D) found at depth Z *D.

Rearranging terms, we can write the quation as a differential equation

f (Z f1K f ()+1D*o~z T POW(Z D D- a

or

where 7 a f/D.

?hM 8618C14 to thig equatiom Is



7) p O(Z) pow (O)eFl + F/Z [on (0) +K(Z +D-1/F)J

- P a(0) - K(D - 1/F).

To simlate our two-layer,* dens ity-gradient.* particle dynamics

problem. we let p (0) P p(0) -1.024 Vaul and the density contrast

gradient, K & .12 g/cm4

We chose to exercise F over a range of values in order to

evaluate the effect that the density contrast of the occluded waters

with the media has on the particle settling speed for various

aggregate densities. As mentioned previously, the variation In

viscosity across the Interface had a more significant effect on

settling speed then did the change In density, and In order to arrive

at a solution, we originally assumed the density contrast of the

aggregate (pyad - p Is) to be constant with depth. We can now

estimate how much In error that assumption may have been for the

various particles In this study.

Now, that p can be estimated as a function of flushing rate F

and depth, mes can solve Stokes equation for viscosity as a functin

of depth, given the measured settling speeds of the particles.

Since the streamer from particle A (Figure, 1) affected doe

viscosity7 -f t4h cylinder In Vich particles 3 adC. traveled. It to

Important to anlyze the viscosity ecowitered by particle A firsm.

It Is Cilew even at .2 Io below the original latersem (Poesiftal

* particle A is Vipe IQ) tet a peadtmt la wat ractive Sdm bomes

the streamr ad arumagWater TMIIMGas VAM IN 46M M5
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belowu the Interface as the depth at which the density, Viscoity, sadi

refractive Sm5 gradients of the inedium with dept disappeared

(welum of purely layer 2 type properties). Thus.

I a (1.054 - 1.024)/0.25 mn - .12 S/cm4.

9000.77 V/ml T% (0 - 1 )P w(Z.y) -' p(Z) JD'
B) AMYZ*) I lvW

9) ~ (: 0,1,07) - pa (1)

" we to die Volan frastam at the srete eseC~d

h, W -nM Mv. ?a solve eumhely tiseet of eq 0tm V1460V

Aft be -Ba Pe *we a isosiy muegw v 4(1) to

MON06 ~ ft 4bho a 5 a s .dn .045 Pat"e$ boer,
w 111111110 -im mie as d t hW afee ft mw wi

41 O -t~ L 1 vw. we do o e w b ametha nook imue

* ~~~ihe ~saw s ~

* -
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of 0.3/cm and 0.2/rn. respectively. The fiushingfactor had little Or

so effect an particles A and C since momtorillosite made -up larger

fractions of their smas values than for particle A (62Z end 152 versus

8.62. respectively.

The dotted linea represent regions where two different settling

transitions occurred: 1) In Figure lb and le particle A can be seen

to he settling along or just adjacent to a streamer from an earlier

particle, and 11) In Figure Id and le, particle C seem to have moved

out of the streamr tube of particles A and B. Particle A apparently

encountered a relatively constant viscosity when in the proximity of

the old streamer, with the viscosity sharply increasing as It moved

away from the streamer remnant. Particle C also encountered fluid of

relatively constant viscosity within the streamer of particle A, with

an abrupt increase occurring on passage out of it. Figure 2 reflects

thes facts.

Particle 3 settled withIn the stresar of particle A until

Vilore 1d. where it seem to have edged out of the tube. In Figurele,

It appears to be slightly behind the tube. Figure 3 also corroborates

this fact, since the viscosity encountered by particle I Is clearly

awc less (within the streamr tube) thm that saoutered by

particle A at the me position before the streamr wee extruded.

Am estleate "4 the effective vtsoaity tacreas eut"~ versus

ft@die a temr is imdisate by tbe 4&r M br of OS ofekipb.

11Vire 3. ?bat revs"="t a viassfty fasesf 'of Abo Mj ..

* . sipif asa effect.
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3.lsrabOf aaSegetes settling through density Interfice.

pm'deea dret aaitosof pare-onmter flushin dae to the

*=trat in refractive index between tme extruded per* waters ad the

Smdum. T1Mseanruded pore-water tubes provide a pathway Ohere

@Wequsat particles eacogater reduced viscous dreg end lss buoyancy

then gould be aalable outside the tube. Viscosity reductions of at

leest 252 were observed. This means that if two perticle& of similar

setISM speeds are following each other In a streamer tube, the

secsnd will settle faster since It encounters lower viscosity. Tb..

probability of collisions, In such a system, then. changes from one

with a random or Gaussian likelihood to one that favors low density.

highly porous aggregates, capable of providing a reduaced viscosity,

fomsl-tMp of pathway at density Interfaces for subsequent particles

to traverse sod within iche to collide. As these aggregates build In

ese, tdey increase even mre the probability of subsequent collision.

7iger 2 jaws several elongated aggregates apparently created by

particle ODll.imms im a streamer tube.

~~,J4
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Figures I& (top). lb (middle), lc (bottom), Id (top: next pae), Is

(middle: next pae). A equece of hologrm takes with 0.5 secoad

epecia. Top arrow Is mhere the original (before experiment) density

Interface was located sod represents our ref ereace (Z - 0) point.

Three aggregates labeled A (246 us diameter), 5 (76.5 via diameter),

ad C (113.5 om diater) are settling aloog the same pathway, which

Is inrked by a bright pore-qter streamer emating from particle A.

to Vlgsree Id ad to particles 3 and C appear to be diverted from this

stresae perhapa being Influenced by the proWnty of the remaat

streamer on the Ism~late left. Nots the apparent formastion of an

eleegated aggregate In the streamer just above particle C.

Ni
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Figure 2 (bottom). Hologram of several elongated aggregates found

about 1 cat below the interface (note especially the lower lef t

corner). These streamlined morphologies suggest their formation to

have occurred In a streamer. Note the continued presence of low index

streamers even this far below the Interface, suggesting relatively

slow flushing rates.
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Figure 3. Viscosity profile in the density gradient traversed by and

Inferred from particles A. B. and C. The sudden increase in viscosity

observed for particle C some .11 ca below the Interface occurred when

the particle left the low viscosity streamer and suddenly encountered

sore resistance to settling.
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APPENDIX B

In-focus images of particles A, B, and C after holographic

reconstruction.



Reprinted from Applied Optics, Vol. ., page 204, January I. 19X4
Copyright c, 1984 by the Optical Society of America and reprinted by permission of the copyright owner.

Image analysis techniques for holograms of dynamic

oceanic partles

Paul R. Payne, Kendall L. Carder, and Robert G. Steward

A holographic image analysis system has been developed to measure position, velocity, size, and shape of mi-
croscopic particles settling in 3-D space. Images of particles recorded sequentially on individual holograph-
ic frames are reconstructed using an in-line far-field configuration, registered in 3-D space, and particle dis-
placements (velocities) between sequential frames are determined. Particle settling velocity is calculated
using elapsed time between frames. Digitized video sigJs of the reconstructed holographic images are pro-
cessed to determine particle size, shape, and area to facilitate identification by shape from frame to frame
and to calculate particle specific gravities. A cataloging system was developed to provide efficient data
management.

1. hIroduction a great number of samples must be analyzed in order to
Measurements of size, shape, and density are critical provide sufficient statistics for determining p*" Ae

factors in the study of particle dynamics and settling population characteristics of shape and size as vell as
characteristics of marine hydrosols. Micrographic settling velocity, trajectory, orientation, and oscillations
holography has been widely used in aerosol studies, and Such measurements can be facilitated by use of a com-
holographic movie cameras have been developed for puter-controlled image analysis system to improve the
studying zooplankton feeding behavior in ocean waters. 2 accuracy and reduce the number of man-hours in ana-
Using a similar holographic technique, the size and lyzing holographic particle data.
settling behavior of aggregates resulting from mixing U. Probl erdftm
riverine water with seawater has been determined in the
laboratory3 and the effect of particle shape on the A measurement technique was needed to determine
settling velocities of primary hydrosols (unaggregated) the position, size, shape, orientation, and velocity of
has also been investigated. 4  microscopic particles moving in 3-D space. The marine

Carder et al.6 have developed an in situ holographic particles of interest in the study6 cited above typically
microvelocimeter for the study of microscopic particles ranged from 5 to 250jum in diameter, which necessitated
suspended in seawater. This device records the image the ue of microscopic techniques for any detailed size
of each particle in 3-D space on a series of successive or shape analysis Since oceanic particle densities may
holograms with respect to time. Horizontal and vertical vary from -1.03 to 5.2 g/mliter and typical settling ve-
dimensions and cross-sectional area have been used to locities may range from <0.0001 to 1.0 cm/ec, a variety
determine particle density using the Stokes theorem.3 of frame or sample periods from <1 sec to as much as 1
Edge coordinates are useful for particle identification min may be necessary in order to provide short-term
(e.g., Zernike moments) and analysis of shape on par- velocity measurement accuracy. In addition, the du-
ticle rotation and settling speed4 During these studies, ration or exposure time for the position meurement

should be <1/500 sec in order to maintain sufficient
positional accuracy and prevent hologram smearing.
Therefore, a relatively high-speed microscopic tech-
nique was developWd to record the imqes of multiple
particles as they settled in 3-D space. To deal with the

P P I Al C enormous data volume generated in applying these
Drive, Pindlas Park, Florida 3M; the other authoers an with Uni- techniques (more than 50 partIs/ologram), an au-
vanity of South Floida, Department of Marin Scene, St. Peter- tomated method for recolutruct and analyzin the

bum Flo" ,370S. particle data h bem developed. Bde coardn" as
R.reco d Ast 18 nvoed when needed or parieid 6l md for
ee0 -e4 0LoO/o. analysis of the particle shap. effecs m partile rota-
0 zgN4OptUad Sod d of Aners tion.

904 AM=, OPIlc I val. .No. S 2 If W =N y IU4



a XVI
a .MAGOIT Low -TS cross-sectional area, perimeter, and edge coordinates

51A of the particle using a tracking algorithm, (4) enable
TV ...- particle identification from frame to frame by display-

CAMRA- ing the particle position and edge points (shape) from
the previous holographic frame on the current frame,

mA -- AN . and (5) calculate the velocity, average diameter, and
1 MEA -. particle density from the recorded data for each par-

N-AXI tidle.

MoCChO C ffUGL is) X IV. Techna Diocmson
VIDO CSuccessive holograms of settling particles were re-

ti mx zoom corded in situ on negative holographic transparency
film using the particle velocimeter described in Ref. 6
with 4X magnification. The film was processed using

TV CRT standard photographic techniques and mounted on
MOO individual frames. Each holographic frame was posi-

Fig. 1. Holographic image analysis system block diagram. tioned in a laser beam to reconstruct a 2-D profile of
each particle in the direct transmission mode with anUS. S n Des Uon additional magnification of 25-40, depending on the

A functional block diagram of the holographic image particle size. With this particular setup we have mea-
analysis system is shown in Fig. 1. The major compo- sured particles down to 10-jum diam (see Ref. 3). In-
nents and functions are: (1) a laser to reconstruct the creased magnification onto the holographic film is re-
holographic image, (2) a mechanical stage to position quired to measure smaller particles.
the hologram in 3-D space, (3) a magnification lens and The image of each particle was successively focused
rear projection screen on which to reconstruct the par- on the rear projection screen by moving the holographic
tide image, (4) a TV camera to produce a video signal frame in the Z axis. The projected scene was viewed
of the image, (5) a video digitizer to convert the video with a TV camera and converted into a digitized video
signal into digital data, (6) a TV monitor to display the signal. The holographic frame was then moved in the
particle image, (7) a microcomputer with disk storage X and Y axes to bring the focused image of each particle
for processing and storing input data from the video into the center of the TV monitor screen. The position
digitizer and controlling the position of the mechanical of the frame and the size, shape, and orientation of each
stage, (8) an interactive terminal to enable operator particle were analyzed and recorded by the computer.
control of the system, (9) a joystick for manual control As images of the same particles in subsequent frames
of the frame position, and (10) the XYZ drive controller were cataloged, a matrix of settling velocity and lateral" Ito move the holographic frame in the laser beam. Table motion characteristics was generated for each particle.
I presents a W of the equipment which comprises the The statistical distribution of settling velocity with re-
system. spect to particle size, shape, and orientation provided

The system is designed to perform the following an accurate determination of particle density and ulti-
functionw (1) determine the position of a particle with mately permitted a general particle classification (e.g.,
respect to a 3-D frame reference, (2) determine the organic, mineral, heavy mineral), based largely on
width, height, cross-sectional area, and perimeter of a density.
particle using a scanning algorithm, (3) determine the

Tabl L Nipi m m mhi A. PsItIce Position and Velocty
Item Des o Md Particle settling velocity using the system described

in Fig. I was determined by measuring the position of
1 Laser, 15-mW He -No Spectra.Ph.i 124B each particle in 3-D space at two or more different
2 XYZ am table Asrotch. XY: Z. ATS-S, sample times. A typical particle configuration s shown

ATS-41e in Fig. 2. Prior to cataloging any particle images from
3 IS- or 80.am I. Nikon a frame, an accurate and repeatable reference is estab-

lished for a point common to all frames. The reference
4 TV slahisih Due 6 point in a frame is centered on the TV monitor by

ninlmaltiU moving the frame in the X, Y, and Z axes under com-
. Vdoodigitim Camdovido rMA puter control with a joystick. The image of each par-
6 TV mesah. wv 100 ticla in the frame is then subsequently moved to the
7 M , omcenter of the monitor with the joystick and its position7 Cem.p.ute-i Z8e0, .tarmwapmioramttambe

drol di t ere hyoate Sin. i smtes a tl

minedusgth s wning md e stemin10 X YZ d rl"~ d co t s Ass.% W cnturol t o e a b odic

M amy I VOL AL Ns. I ARM OPI M



/ .nie o dda t obtan edge oodimU, dwy canon
. _. shape However, this method would be far

T" compex and tim-comumin than smmary for de-
~. ~ termination of armsa and perimester in most of our ap

, - ,platioms Ahoiitirareformorethanone particle
-xZ 1 ) image to be found in a give. focal plans., ,Therefore, we have chosen an q CmN tech-

n iique which s a simpWiled edge detection procesX that is based on a comparison odw pied kintnt with

a threshol adjusted for the average intensity betwen['the particle and bacgound to determine particle am
and perimeter. Pixels at each transition across the
thesol are accumulated as th perimeter ofthe

Fig. 2. Particle moving in 3-D *Pam. particle, while pixels above the theshold ere accumu-
lated a,- its area.

C. Ps J Arm Swa Tedvnftu
The particle scanning algorithm developed for this

system is baed on a simplified single-pas edge detec-

tion process. The surface are and edge perimeter of
each particle are determined by comparing the video
intensity of each pixel to a selected threshold value.

jai. The technique consists of processing a series of vertical
, !scans which horizontally cover the image as depicted in

I ': Fig. 3. The horizontal (equatorial) and vertical (polar)
I -axes of the particle are determined by manually ad-

: justing a vertically scanning cursor to the edges of the
particle when the algorithm is frust executed for each
measurement. This limits the region under investiga-
Lion to the immediate environment of the particle and

D 1 1o =,. rc eliminates the generally out-of-focus neighboring par-

ft Sci n mn aWMM pocu p bove rnWhOd for ticles from consideration.
an perimeter. Beginning on the left side, the particle is scanned

from" tobottom in synchronismn with the TV raster.

The video intensity (0-266) of each pixel is compared
to a threshold value corresponding to the intensity at
the particle edge. If the pixel intensity is greater than

particl o a subsequent frane. When the entry of data the threshol the pixel am is msigned a unit value and
for all frames has been completed, the distance each the column arm is incremented. Otherwise, its value
particle has traveled between successive frames is de- is zero. If the pixel am value is diffmnt from that of
termined and the individual velocities calculated. the last pixel, the horizontal perimeter is incremented.

When the vertical scn is complete, the diffrence be-
.Piole Areamc r e ,tween arm of current and previous clmnsm is added

Determination of the projected croel am to the vertical peim e. Th san is then incremaet
Sa particle can be derived from the reconstructed to the riht and the procmme repeated un the en te

ebycounting the umber of pixels Inside the par- particle banned. Te selected scan conss
t boundary. In a similar manner, the perimeter of of N, rgs veriy Ne Oumns h, -. The

particle can be derived from the number of pixele total am of the partil is the -k of an columin arssn

altheedpe. One of tmor probleme with a nosy scaled a own in q. (1). Shnce the shW ee(c pil
of b deecto ote pixels which represent the is not squemr the vertical component musot be scaled to

edge Yal'iovaky discussW an edge detection tech- provide an accurate measurement of the am and pa-
baed on maximizing the likW o ratio with rimeter. Or amply,

a ipesinglepess r"gO.ongf alWorithm Thind sacomarlsoa a the itenii of neighorg It Voujf > Vt dlm A"4 - 1.iabwithin the saeobject to 1lIO Ii4 it Vpgj) -C Ve ibm AOj 0.dfifferInt ob~ecs The budr

in d bs acm he a ti o Wi ad end

m ised be Tii a s object l em ,
e ra.lls JIICeSkltt'l ~ l
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W&.I a j - thaepilelommd low,
V kihavideepdpi l)

a* iem vdoseheinhh sksa
N, is the iaefsmindom,
Xisthevdestessondur.

emas e 6Wd -s and beeoms SIOSgllhas the vise
of th.partice u es.

T1N wrfl Cp o"at ofhas Willow(P) is the
difsms ine the aomber at pinsh above the

thmehli ow olma trut im es th trshl numer in m S g C

* rng mn each colmna. The morusoata and veualW- i~
5 m cWbyF.an F, rstvl, and -nr

coupieto forme saled cl V inI s oninEq
(2). If V,(i j) in not equal to V(ij + 1), the incre- ft 4. Tra&1n alsoi"h.
mental horisontal component 11,(ij) - 1. otherwise
H,(aOO in curvature, points of inflection, curvature maxima,

ps~W, F * ft~) + (P, PO). (2) inescinad points of tangency. Fourier traim-
Winnforms have been used as digta filters to smooth the

digitized boundaries of planar objects. Pavlidis dis-
N cusses several algorithm using Fourier transform

P#, j POOTergu has developed similar shape analsis techniques-sn ir~ monienta.' 2

We have choeen a boundary chain technique to de-
N. N Ntermine particle shape and orientation which is similar

N. , A~j p~ j to the method describedi by Fkcles.' The edge-tracking
.1 ~ algorithm, descsibed below, determines the boundary

between the particle and background by examining a
* .smail region of pixels along the particle edge. Edge

* JThe ajr error in this method is highly dependent on detection is based on the intensity gradient between
the orientation of any edge Segment with respect to the neighboring pixels rather than the simple threshold
scanning axis. Although straight edges orthogona to technique used in the particle scanning algorithm do-
the woan will yield good in555urest* Of Perimeter Scribed above. As each new point along the particle

thsesae taihted= oriented diagonally to te edge 'a determinedthe tracking pattern is then can-* 5~ca axis can erd h perimeter measurement by tered on that point and the new neighborhood is ez-
*a much a 30% 11-SQR (1/2)J. Therfor,& 'aSifret 'lr.Thu prcs cntiuj unil th prtcl has

method of determining perimeter which will be insen- bee Ml ig A more detailed discusion
sitive to particl orientation wa required. A Nvwi sgvnblw

eter with respect to the threshold level i~me mea. L Psril EdWeTracdft Tedmiqua
Suremet imetit.A dynamic threshold which co The partick -rakn algorithm povde the
adapt to vasyhgpril n akron ie ne. cpbwyt M uie shae, and rientation

N iimle..ll tiserd n a technique JA for appaiftn dealing with partil setlin dynmml.m
iIns deticigroutinedecbe e ra k mt e ri e

thdPea dsdet ordetermination of piarticle Wp n ies of u cruatrnrumwhersbosi

D. ~theN.pehtshasnasseownhift.4. Thepohtj
D. FatloOpowi~as-edo-in the -a for whichi the pixel htuuelty V(ij) exceeds

Bonaydetinition usi direction and curvature the pevou pkine nteusity V(ij - 1) by a threshold
chisins hNS bean describedi by Noes et aI*9 Thes vuas Vt isdefamedIas the ekge for the Carl" scan
techniques gmol dsrb an image bouaidory In pjtr - n udastecnero h ea apt

* term of a 1.Dlleiofauoleosarifrom anorigin on tera(i + M1). nh e ouemtlusutltecm
iMilorn aroumd tme tmm %o the __gbehe of th otaig eltlb

b~u~t me~~ d anthermethdfor - adius& X. 0010her Pak pk s u m Not and
6irounde* ke citlei val ue V.m he mI "cb~~p
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The perimeter of each particle is measured by accu- 6, respectively. Thesn errors are functions of the

uangthe radial distance of each threshold transition number of scan points (N.) and the scan radius (.,a
arudthe particle edge until the circumnavigation of shown in

teparticle is complet. 8inc the shae of each lrdilerr- .*1 o~/,]2
s n uam, both %wia an radialta errorent ( t *5)co(wN.Jmsbescaled accordingly, by F, and F~, respectively, Angular earop - +1-2w/N..

tprovide an accurate measurement of the ditne The error in deterining the perimeter ofa sot
rudthe particle. Tb. agorithmn fo hsfnto boundary will produce a small positive error (eg., 2.6%

IS for N. - 20) s shown in Eq. (6). However, the algo-
N, rithm may exhibit a Iarg negative error for figures with

perinseter - am I(Fy T,) 2 + (F. - r,)211/2, (3) sharp corners because of truncation produced by theiul discrete swan process. The difference between the me-
when T -R, sin, tush and measured are for larg, smooth particles

F.-R. cos, should be small but my become negative for particles
R, - scan radus, ani with sharp corners, Eq. (7):

N, - number of threshold transition points along Periiaeter error - +NP * RX( - coelw/NA) (6)
the edge.amerr-1-N* L*ow/2L (7The area of each particle is determined by accumu- ae ro /(,*f.*umwN)2 7

lating the trapesoida are defined by each new transi- Area and perimeter measurements will also vary as
tion as shown in Fig. 4. The distance xi between the a function of the video intensity thueshold value for the
particle edge and a vertical reference line at the center scan mode and as a function of the video intensity pa-
of the screen is determined for each transition point and dient threshold value for the tracking mode. The video

t multipl by the vertical distance dy, between two amplitude across the edge of an lngs with varying
successive edges. The entire are of the partil is de- contrefts in shown in ftR 7. The esfcis due to vaulian
termined by oucessvel addling or subtracting each of the threshold values onmasrmet of a high-

incemetalara dnding1 on the vertical direction contrast, white-on-black squar (2 cm/sie) are slz-
* until the particle hasi been compleel encircled as do- maned in Table EL In 19ain these dewl the vide

*scribed by threshold intensity for C:modeW was set at vahue
ft=m 23% to 74% aft II inenit ine 2 - eg the

(i N; squar and the background, wheeasthe INteHiYgra-
sum (X + i* ) *dyi0 F/Fz(4) dient threshold (intensity Mfh 0010131110) for the

I J traUcking aklgo itn wats varid bum 8% lo U2% of the
totl itenitydiflirmw a! - teaqisi.ie ad the

Part i dentifiation from hram to ftmi is achieved
bdIjllwfu this edg plush ofa ggltd parti" on the TMSI O'NU VODO IN eo l= flu a

and~an (us AA *mtoo" h555P5

P. ANNOm OWs AMdPb 41110IO
Mh ammiu eorIn the trakin presse USit Mai au US am 4et IU *A MS t ua

UMie wad Mangh I"posus a show. in FIs la Md 11%! -- 4%! in Ueq INes A

uM AMM opMW %IL1%ftIt 10Aiw "ft



Fig. &. Photograph of video iage of hologramo of mica flake. The
video amplitude of each pixel along the central white line is shown
by the relative sce on the right-hand side of the scren. The length

and width of this partide were 41 and 19 gem, respectively.

background. A negative threshold gradient (i.e., a dards for comparison were accurate to within 1 to I
bright-to-dark transition) was used to determine the pixel/side or to about *2.5% for the small figures andSedge in this particular application. *1.25% for the large. The results of the comparisonsThe range of threshold effects is smaller for the are shown in Table III. Digitization error appears to

tracking mode than the scanning mode because the have produced a greater effect on accuracy of the small
maximum video intensity gradient, generally found figures with complex shapes compared with the larger
about halfway between the intensities of the image and ones. A digitization error of I pixel/edge can result in
the backgound (see Fig. 7), cannot be exceeded without errors as large as :3.6% for the small and *2.0% for the
the algorithm losing track of the particle edge. The large triangle measurements. However, this effect
threshold intensity gradient value for the tracking should approach zero as the shapes become larger and
program is generally selected to be smaller than the smoother.
smallest normal edge gradient (bottom curve in Fig. 7) For the tracking program, most errors did not exceed
found along the particle edge. This insures that oblique the accuracy limits of the standard measurement.

., approaches to the edge do not reduce the measured in- Digitization errors, together with the uncertainties in
tensity gradient below that of the threshold. This re- the standards, can account for the differces between
duced threshold value causes the tracking program for the measured and standard sizes; inclusion of the po-
the high-contrast part of the particle (upper curve, Fig. tential of radial, corner-truncation, and threshold in-
7) to, in effect, underestimate the size of the particle for tensity/threshold intensity gradient errors insures that
a white-on-black image and overestimate the size of a the maximum tracking error measured (3.96%) falls
particle for a black-on-white image, especially for par- within potential error limit.
ticldes of varying wtrast along the edges. For the white For the scan program, all the area measured were
square on black background image addressed in Table within expected error limits, although the triangle and
II, this resulted in particle size estinates that were circle permeter errors were larger. The perimeter er-
to 1 pixels lower per edge transition (see upper curve rors for the squares were quite low as the edges of each
in Fig. 7), depending on the video threshold intensity square were alige with the vertical and horizontal
gradient selected or a 1.2 to 3.M% underestimate of the axes of the TV camera. Perimeters in the scan mode
iegth ofeach side. This undesrtiate would be offst can be exaggerated by as much as I - -2/2 for lines
to some extent by the radial erroar effect on the perim- eloping 450 to the vertical. The largest manifestation
eter as described by Eq. (6). of this serrated-edge effect was found for the circle, with

V. pevsmmo ,vau. mor thn a +14% error.

The perfomance of the scan and track algorithm VL APhMMO te HSNS6
was evaluated I white-on-bl k geometrical ur The application of thes techniques was demon-

(suae, equilaea triangle, and chirce) o contrle stA by reexamlml in situ trminnlo holograme
l.anddhps. The fW wem typic p al ciedsin of mica flakes collected during te s eexporlment

onto the screen of magnid olograms of 50- reported in Rd. & Because th Aca lus we very
180-pm partices. They do noat psh the limisf re- thin ad tend to stle at sme agle to the foal plans,
oYto of the ytem Sin our primy o w only e side can be in dwp focu at ny time.
to tes the perfomance of WO iou na ly *o- Therefre a sightl difocused (boevr O co assae
r ..m a ah t pti sh and dAme. T A- wea analyd ft.. I low m t ioe t

is Mm" no I fVt LU t !P, oM M



swerm 20 0.83 -0.7 . +1.4
Squore 2.0 0.95 0.17 +2A96 +8.2
TrW&ng 4.0 -2.00 -2.90 -0.56 6*
Trion&h 12 +2.98 +1.8 -.&0 +4.22
Clrcis 4.0 -0.90 0.62 +&.14 +14.45
Circle 2.2 .483 297 +Ohs 44.83

~ep.Ame ~ Threabold Area Feum! v~reb~ gain Gene"a shop Longest dimemnion (onm)

1 496 127 134 500 135 26 Eniowca 41
2 107 40 113 101 42 30 Effiptical 14
3 485 118 100 501 106 30 Elliptical 42

typical of the type collected from irregularly shaped promised for very noisy low-contrat particles or for)1
particles commonly found in sawater. particles with long diagonal edges. The second method

A comparison between the tracking and scanning uses a tracking algorithm based on video intensity
algorithm data (Table IV) shows that the area gene?- gradient for edge detection. This technique not only
stud are within -4% of each other for these mica. bol- provides accurate are and perimeter measueenta but
grams. However, the elliptical amg of the third also produces detale edge coordinates which can be
mesuriamt resulted in a perimeter that was 11% used for complex shape identification. Although this
higher for the scanning than for the tracking algorithm, system has been apphie to the study of particle setling
The lona axis of this ium was diagonal to the screen dynamics, the techniques developed could also, be ap-
axes and the scannin algorithm overestimated the plied to other pattern r ecognition and image analysis
perimeter by serrating the diagonally oriented edges. problems.

VL So --numy
The holographic microvelocimeter has proven to be This effort was funded under Office of Naval Re-

an invaluable tool in studying the settling dynamics of search contract No0014-75-C-0539 to the Marine
particles in both marine and laboratory environments. Science Department, University of South Florida.
The reduction ofat from this instrument has been
semisuo te using a microcomputer to control two
pObsess of the analysis and provide data storage and

eval. During the first Phase ofthe analysis a pre- 1. IL A. BrioaoP L 0. HIflw, and B. A. Winater, APL. OPt .,
cisian tranulation stage is cosatrolledi to bring a sequence, 94IV)
of holographic frames into register for the 3-D mum- IL0. KaHofigor, G. L. %ew end Q~ L Booth, Apl. Opt. 17, 961

swotment of particle displacement between frames. L.K L Caoder, Opt. ERn. I&,24 (1979).
Contro hi sageis ofthe orderof*0.000cm M w 4h . K. L Code ad D. J. MaYers Prot. Soc. Photo-Opt. hatruml.
even gretrf ac ace in particle settling velocitiesL 314 153 (379)
being achieved by iceaing the hologram exposure & L J. oV*K CarasdL.. -sd. J.8Sdmet Petrol.

Intervl. 582(1968).
The mouod pum of the uaayui is the mea@m ent@ & X. L Codr, P 30 Saward, and P. L Detest, J. Goopyus. ROL

a cesm, ship sdpeiee of the dgtud video ff. W61 (1962.
a5U -~n~P M W~IIOUS Two 7. Y.YokmehyPOW4~IntroioAdi On o~

devlowdtt FMnlec(1974).
tewtW15 h - eJ~dt se an lneow & J. W. Mcoee and I. K Anwav, Pa"sm bocegit" 1.,21
and permebr~ a =WIL sbosk mode l"be
tested wish dadad gesmble a weld as 13 J. 201084.?. a C. 834m.Sold a) s. tum Uses,.it

WA ff ienafrte to within 44% TII Mtoat 1M .
0.IL peman, Pan"e Rusesllle Is, 10 (WIM.

vide itmity forsdtsto Altho"Mgh oo th55 1. T. sIM.Jnowmaftinm Ae MbftLPR4
dI quiltsftmdlis hto smheiteamd pe- 30(lm).
clute u patleissnepasasaisor- 1I24 M. LTeame. J. Opt. Soc. Am 13,UWIUOW
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7Wl HYDRAULIC SQUIVAINCE OF MCA'

LARRY J. DOYLE, KENDALL L. CARDER. Am ROSERT 0. SUTWARD
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106 Setweui Avne Saus

* So. Petersbhg. F1Wldu 33701

AaslAcr: Seedin experiments Performed on salt- so fine-sesd-sed milca fises with a hgeupl an-
cro-velocsmse revealed dog mica is the hydraulc equivalen of quutz sphaem having dmesa bsIr

o4 o12 times, snaller. Mica in the very rine to fine-saud sim et behen tradihimly used by name.

Wkos odlietsmxo dpsuo r odpoio mdpteta wissowin of flnes, and is how

Experiments also shtowed tha mica flaketstend to settle at orientations, wich are nete perpendicular
nor Parallel to th gravitational vector and tend to geneally maintain their orientation thtrougout. Equation
for the sealin of a disc in Lermsan ad others (1974) and that developed by Komar aid Reimers (1978)
me shown to be matheatsically similar for the coarse-silt to fine-sand mapgs of discs and sa adequate
peiclors of etlNgW rates of maca flakes. A comparison of the hydraulic equivalency of quart spheres to
coreslt- thro flue-sad-sized mica flake is peened.

lWrROCTION mine as far as possible the hydraulic chara-
Because it cleaves into flaky particles, sand. teristics of mica flakes and how these

sized mica is a mineral group in which shape chrtescs oma WhtoePtdtd
shoul obviously affect settlig charateristics from settling equations in the literature.
and, in fact, has often beew considered to be APOCthe hydraulic equivalent of silt and clay. Nei- APOC
head (1%65) noted the close association be- Our approach is to utilize a modified holo-
tween sand-sized mica and the clay fraction of graphic micro-velocimeter developed and de-

*Georgia estuaries, an association also recog- scribed by Carder (1978) and Carder and Mey-
iid by Parmrcuicln (1966) off Israel. Doyle ers (1979). Figure I shows the system used.
and others (1968) used the abundance of mica Transmission holograms are simultaneously
in the 125- to 25O-p&m size fraction to delineate collected along the vertical and horizontal axes
aea of the southeastern United States conti- of a settling cuvette. A reference point in the

rnental margin that might be undergoing win- cuvette is also recorded on each vertical and
nowing or deposition of fines, a process which horizontal hologram to allow tranislation be-
otherwise would be masked by the dominance tween the two axes. Sequential fram at ac-
of reworked Pleistocene sands. A similar ap- curately timed intervals (from 0.5 to 3.0 sec-
peach wus used by Adegobe and Stwnly (19M) onds depending on the particle size) record the
on the Niger Shelf. Doyle andl others (1979) settling velocity and orientation as well as par-
and Park and Pilkey (1981) discuss the signif- tile size and shape. The inmages are recon-
icance of mica content to the depositional and structed by Placing the hologam beck into dhe
erosional syoom of the whole continental lase path and refocusing on particles in any of
margin of the Eastern United States. the infinite numnber of focal planes in doe set-

Despi ts intuitive widespiesd vat as a by- ding cuvtme. This system offers dhe advasup
drauhic analog of rate sized sediments, no of using atal sedmuimoy p-tic s u mod-
quantitative evaluation of don uedlnemologic to clay-si" ampgs, thas obvioat any altar

I. charneseristics of mica has yet bees vader- that my be lierent im ses mo ein ys-
tine. Te purpos of this peper is to deter- turns.

Mica Amples wooe chose from seIen
oni fins the Bular United Swaee ontia

%1munasi -sd fbuuy S., 1012, vse sop. ad dope (Doyle and alm MMW. S&b to flo-.
Nobst 29, MO5. sMand MIN &&ar fi=e w ~r a to W "e

-WMAM W .linwf IS.. V. 53 If 2. M 0. rn. QUM

0 "I 1W53 the ofim at1sesse Misulg d boim 2.42s5UU4SS9
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644 LARRY J. DOYLE, XENDALL L. CARDER, AND ROBIERT G. STEWARD

Lerman and others (1974) modified the
equations for the settling of a disc of T*no
thickness" in the Stoke's range, developed by
Lamb (1932), Payne and Pell (1960), and
Beener (1964), by adding a term for disc
thickness. The resulting formulae for the two
major orientations of fall are:

(edgwise (1)
3.396 IL-N-P rU- (broadside). (2)

Fla. I.--Hoogrpbic microvelo I, tp an~ sd to .

~ ~ velcit of tu m~ ~where U = settling speed; r = disc radius; h
=thiess; q =h/r, = dynamic viscosity

quantity of ttered distilled water to obtain a of water; X~ puticle density; P - density Of
slurry. A drop of slurry was picked up on a water, and gacceleration due to gravity (981
fine brush and the drop barely touched to the cm/sec2).
top of the miniscus of the distilled filtered wate Komnar and Reimers (1978) approached the
in the cuvette, thereby introducing mica flakes effect of shape on settling velocity by scale
into dhe measuring apptm Other mehd modeling with pebbles in a glycerine settling
of sample introduction, including use of an eye medium, the results being equivalent to quartz
dropper, were tried, but they tede to se u and and silt in water. They found experimen-

*convection within the cuvette. tally that the Corey Shape Factor (CSF) intro-
Resulting settling velocities wer the com duced by Corey (1949), Malaika (1949),

pared with the theoretical settling rates Se n conadMlia(90,adM~
eme from th equatin of Lema anid oth-. and others (1951) gave the best prediction of
ers (1974) and Komar and Reimers (1978). In shpe effects for the pebbles they used in their
the calculations of settling rates a density for experiment. Based upon their experimental re-*1mica of 2.9 g/cm3 was used, midway in th suits, Komar and Reimers (1978) developed
normal range for biotite and muscovite. Ex- an empirical formula for settling veloc in the

amiatin o th mia b stlar opica teh- Stoke's range, taking into account shape ef-
niques showed dhue dhe mica fractioni in tie cores et
was composed of muscovite and a lesser amount I
of biotite. Finally, we compared the measured U -- (,pg ~ 3
settling rats of the mica with those for quartz 18P~fCS

SHA ASA FCTMOF RAI SEJM where D. =(hDD),)'; D, = intermediteas
SHAES S AFACR O GRIN ETNNG particle diameter D, M tipul! axis particle

Shape has been recognized as an important diameter, CSF h/\W hmsalai
factor in the analysis of sediments by hydraulic partie diameter f(SF VW;(C-small

method (Principally stNgW tUbe) for ova 100 when 0.4 S CSF 5 0.8; and f(CSF) - 2.18
years. Gibbs and others (1971), Lerman and - 2.09 (CSF) when CSF S 0.4.
others (1974), Komar mid Rejmner (1978), andl They finther found that they could extend
Brezina (1979) have summarized the devel- t rings of the grain size following Stoke's
opusen of thinking concerning the hydraulic settling to Reynolds numbers of up to 0. 10 or
importance of shape and have contributed to for particles of up wo 100 pun, and they *we
the formulation of equations for sett ye- e to emprmcaliy extend thsir data to cover

r ~~~~~~locity thbat take gri shap into account. h a grain sines up truhpbls o atce
seies of reetartcls B**i and Koer (l9S1la like mica where h is 8mall reaI* Ao D d
and b) have begun to examine shap effect of %1, OF is SO 4 and the gena eq, tiun (3)
various types of miamI particles. bcsn
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amI18s atnRiers atX 100Owecan set
12.18 - 2.09 (h//DID1 )J 18

- p)g~hDD,)1  (4 = 0.021

Th atcethickness b may be expressed C= 18
* as a ratio with respect to D, that is, D/100, 2(100)(0.021)

D 1/50, D/25 . .. Dlx, and therefore ini the c= 4.28.
ranges in which we we working, the equations
of Lerman and others (1974) and equation (3) This value lies between Lerman's two values
wresimilar. For example, let D , = D), X of 3.396 and 5.1, and therefore values derived

15h- 2r/h, and q,, h/r. Then equation from the two sets of formulae will be close to
(4) becomes: each other over the range~s we awe examining.

Assuming D =D = D(where Dis an av-
1 I erage diameter) is an idealized case which all

U SI mica flakes do not meet. Any deviation fromk2.18 -2.09- = D, will obviously cause some deviation

_2/3 paramieter X = D/h becomes the shape param-
(P. - P)g X eter directly related to the Corey shape factor.

U THE HYDRAUUJC EWIVAENCY OF~ MICA

21-2.91X2/3 In our experiments Mica flakes seldom set-
X)tied either exactly broadside or edgewise. They

usually assmed an orientation between the two
- . - p) SW. (5) extremes, neithe perpendicular nor parallel to

JIL the gravitational vector which they maintained
Stok's ormla Mrouut. Stringham et &1. (19%9) also showed

thtparticles settling at low Reynolds numbers
Our measurements of h for mica flakes ytided maitain their initial orientation which need not

*a rang of h -0.007D) - 0.05 D. For X =1/ be perpendicular to the settling direction.
bh 1/0.01 - 100, and substituting in (5), we Figure 2 shows the experimentally deter-
obtain: mined settling velocities of mica flakes plotted

I on the family of curves of Lerman and others
U - 0.021 (p, - p) XY. (1974) and Komar and Reimers (1978) for

A 18P1 thicknesses of 11200, D/50, D/20, and D/
Lleran'sf 0 1igin10. Komar and Reimer's (1978) equation be-

are o thegeneal ~ gis to diverge from those of Lrnian (1974)
gU p -P) qr2  only atthicknesses of D/20 and greater. The
U ' thicknems/D ratios of 32 mica grains from a

cis split of the slope sediment used for the settling
~*twherec -3.396 to S.I. Subistituting as before velocity experiment were determined by sca-

we obAi rn some quartz beach sand on an SliM stub

u - g(P. - P) ove Itr a fdemc fae oeneg
24as and we were thu able so Measure thickness-

toD ratios. Thicknesses ranged ftrm 0.7 per-
Mhkoylu by 18/18 yields cent of D to 5 percent of D, with the average

18 I1s at 2 percent and a standond deviationm of 1. 15
U U - (P. P)g 2  porcent. Flgure 2also shows that Most of the

18g I Lvlocitles of mica flakes tha we masured fall
stags Paonkwithn e envelops cresed by tho thaedtcal

cures.Scoer t -d corend Is probabl
For Lennu's formala to be equivalent to Ko- Moodly the remift of variation i lkus

4 -4
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KOMAN AND ROEMERS---

:ERMAN BROADSIDE ......

LERMAN EDGE 2

DATA POINTS X k.,.I.0.

. I:,

. .

* 200

O ~~10 *,,

.01 ,:'

50

o
.00.1 p

10 100 1000

DIAMETER IN MICROMETERS

Fla. 2.-Lenu. sand odiera (1974) equaion for the settling of discs both broadside and edgewise plotted along
with that of Kooni and Reimers (1978) far shickness of D/200. D/30, D/20, and D/10. Nowe that the equations
yield values which an vufy clos to each other at thicknesses of D/30 or less, thicknse most prevalent for mica
fl"ke. X's wre values of mica flake we measured.

synunety (for example, A~ 0 W~ and settling -u and others (1974) for h D1/200, D/50,
orientation, because o- particles in this size and D/20. Our experiments show that mica
range we beginning to exceed the Stoke's low ranging in diamete from 62 pam to 250pm,
ReynolS mIme constraint on the Stoke's with a thickness of no more than 5 percent of
equan. the sieve diameter, is the hydraulic equivalent

At the causr end of thle scale, particles fail Of S-saM to S2-gsm qut spheres. Very fine,
closer to the equations of Len and nOher sand-sized mica,fthen, is the hydirulic equiv-
(1974) tha tw that of Komnar and Reimers Went of silt-sized quart spher1es whra fine-

ica I~psdcolof denst of 2.65 whic fin sand-ilad sph eres. Coarse-silt-sizedf mica
"am t fa of s dioyWo mi a &n-i mica eqiaeth of fqu , andtvery f

fl" ~ ~ ~ ~ - awsn ft do S"* fL MSb

-17

'41
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1000

t MEDIUM
SAND

a 100- VERY 2
FINE 2

III SAND I

Z COARSE
ILSILT .so

1 MEDIUMD
oSILT *.200

FINE

VERY
FINE
SILT

COARSE FINE FINE
1SILT ISAND SANDI10 100 1000

MICA SIEVE D
4,Fla. 3.-The hydraulic equivalency of mice to quartz spheres. Mica sizes are coarse slit to rm sand, and thick-

nesses are D/200. D/.%. wa D/20.

CONCLUSIOS 3) Mica in the coarse-silt, very fine sand,
1) The equations for determining settling and fine-sand sizes is the hydraulic equivalent

velocity of a disc presented by Lerman and of silt- andf very fine sand-sized quartz spheres
Others (1914) and tha developed by Komm, and according to the relationships shown in Figures
Reimers (197g) for partcles where the Corey 2 and 3.
Shape Factor :90.4 ame similar for thicknesses Cobyt preiou asupim, miain

) of D/50 or les the comice-sift to fine-sand sines is not the hy-
S 2) Experiments on fine-sand- to comre-silt- draulic equivalent of clay.
ysized mica flaeusing ahoographic micro-

velocimeter showed that grains most often do
ow ofient themselves perpendicular to the flow CNWEMNT
field as they settle but that they tend to settle This research wasl partially suppoflsd under
at some orientation between broadside and Office of Naval Ressudi Coam~ No. NOW14-
edgewise. 75-C-0539. Gregg Brooks and Robert Byrn

WT il
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critically reviewed some of the manuscript. The in Doyle. L. J., and Pilkey 0. H., eds.. Geology of
authors wish to acknowledge the especially Continental Slopes: Soc. Econ. Paleontologists Min-
thorough review of Paul Komar who pointed eralogists Spec. Pub. no. 27. p. 119-129.
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out a more elegant comparison between the The relationship between sphere size and settling ve-
equation of Komar and Reimers and the equa- locity: Jour. Sed. Petrology, v. 41, p. 7-18.
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